1. Dependence of luminescence color on excitation wavelength and excitation power observed in other Gd 3+ /T b 3+ -codoped glasses
1. Dependence of luminescence color on excitation wavelength and excitation power observed in other Gd 3+ /T b 3+ -codoped glasses
In this work, we proposed a scenario for controlling the luminescence color of a Gd 3+ /T b 3+ -codoped glass by exploiting the competition between the two-photoninduced cascade emission and the conventional emission, as schematically shown in Fig. 1 . In principle, the proposal should work for any glasses codoped with Gd 3+ and FIG. S1. Evolution of the emission spectrum and the luminescence color of the boron aluminate glass (42CaO-15Al2O3-39.5B2O3-3Gd2O3-0.5T b2O3 (mol%)) with increasing Pex under different λex of (a) 394 nm, (b) 397 nm, (c) 400 nm, and (d) 405 nm. The dependence of the luminescence intensities for different emission bands on Pex and the fitting for the experimental data are presented in (e), (f), (g), and (h) for different λex of 394, 397, 400, and 405 nm, respectively. The insets show the photos of the excitation spots and the luminescence colors.
T b
3+ . In the following, we show the similar behavior observed in a boron aluminate glass with a composition 42CaO-15Al 2 O 3 -39.5B 2 O 3 -3Gd 2 O 3 -0.5T b 2 O 3 (mol%) in which the concentration of Gd 3+ is much smaller than that in the silicate glass. In Figs. S1(a), S1(b), S1(c) and S1(d), we present the evolution of the emission spectrum with increasing excitation power (P ex ) measured at different excitation wavelength (λ ex ) of 394, 397, 400, and 405 nm, respectively. For λ ex < 394 nm, the luminescence appeared to be green and no change in the luminescence color was observed with increasing P ex . When λ ex was shifted to 397 nm, the luminescence appeared to be red at low P ex and it was changed to green with increasing P ex . The dependence of the luminescence color on P ex becomes more significant at λ ex = 405 nm. It means that the luminescence color of the boron aluminate glass can also be controlled by varying λ ex or P ex , as manifested in the chromaticity coordinates shown in Fig. S2 . For each λ ex , the dependences of the luminescence intensities for different emission bands on P ex are extracted and presented in Figs. S1(e), S1(f), S1(g) and S1(h). Similar to the phenomenon observed in the silicate glass, the slopes for all emission bands are close to 1.0 for λ ex < 394 nm when the two-photon-induced cascade emission is not initiated. However, the effect is expected to depend on the concentration of Gd 3+ and glass matrix. While the concentration of Gd 3+ determines the photon cascade emission, the glass matrix affects the phonon-assisted processes such as the nonradiative decay or the relaxation of electrons. We have examined the proposed scheme by using different glasses codoped with Gd 3+ and T b 3+ and confirmed the change of luminescence color with different λ ex or P ex . So far, the most pronounced phenomenon was observed in a silicate glass with a composition of 56SiO 2 S3 . Evolution of the emission spectrum and the luminescence color of the boron aluminate glass (45CaO-15Al2O3-39.5B2O3-0.5T b2O3 (mol%)) with increasing Pex under different λex of (a) 392 nm, (b) 394 nm, (c) 400 nm, and (d) 405 nm. The dependence of the luminescence intensities for different emission bands on Pex and the fitting for the experimental data are presented in (e), (f), (g), and (h) for different λex of 392, 394, 400, and 405 nm, respectively.
in the main text. For λ ex ≥ 397 nm, large slopes close to 2.0 are observed for the emission bands centered at 488 and 543 nm because of the initiation of the twophoton-induced cascade emission, leading to the change of the luminescence color. Since the energies levels of rare-earth ions may be slightly different in different glass matrices [1] , the λ ex at which the change in the luminescence color occurs are slightly different. The luminescence color change occurs at 394 and 397 nm for the silicate glass and the boron aluminate glass, respectively. We also examined boron aluminate glasses with smaller concentrations of Gd 3+ (<3%). It was found that the phenomenon became less obvious and disappeared completely in the glass doped only with T b 3+ (see Fig.  S3 ). Another Gd on λ ex and P ex are presented in Figs. S4(a)-S4(d). The tuning of the chromaticity coordinates by varying λ ex and P ex are shown in Fig. S4 (e) and S4(f). Based on the experimental results mentioned above, we think that the proposed scheme can be realized in different Gd 3+ /T b 3+ -codoped glasses and the luminescence color change can be optimized by choosing suitable glass matrix and doping levels of Gd 3+ and T b 3+ .
2. Dependence of luminescence intensity on excitation power for energy levels with nonradiative decay From the energy diagram of Gd 3+ shown in Fig. 1 , it can be seen that the energy separation between the levels 6 P J and 8 S 7/2 is ∼32000 cm −1 , corresponding to a wavelength of ∼312 nm. As a result, the linear absorption of Gd 3+ at 400 nm is negligible and that of the silicate glass is quite small because of the low concentration of T b 3+ , as shown in our previous work [2] . Therefore, any emissions related with Gd 3+ , such as the emission bands centered at 613, 654, and 704 nm, must be induced at least by two-photon absorption (TPA). It is expected that a slope of 2.0 will be observed in the dependence of the luminescence intensity on P ex when the two-photoninduced cascade emission become dominant for λ ex > 394 nm. However, it is noticed that the dependences of the luminescence intensities for the emission bands centered at 613, 654, and 704 nm on P ex , which are shown in Figs. 3 and 4, exhibits slopes even smaller than 1.0. We also examined the two-photon-induced cascade emission process in a boron aluminate glass (43CaO-15Al results are presented in Fig. S5 . Except the emission band centered at ∼312 nm ( 6 P J → 6 S 7/2 ) which is out of the detection region, it can be seen that the slopes for all the detectable emission bands are smaller than 1.0. This behavior is different from the conventional two-photoninduced luminescence process which generally shows a slope of ∼2.0. Previously, it was revealed that the upconversion luminescence excited by sequential absorption of n photons may exhibit a dependence on excitation intensity P in the range of P n to P 1 [3] . The two limits are identified as the cases of infinitely small and infinitely large upconversion rate. If the transition from the ground state to a high-energy state is achieved by simultaneous absorption of n photons to an intermediate state followed by the simultaneous absorption of m photons, it is expected that the excitation intensity dependence of the upconversion luminescence will exhibit a slope between n and m + n, which is considered as the index of the corresponding nonlinear process. This behavior has been experimentally demonstrated by us in GaN/InGaN multiple quantum wells [4] . However, there is no such intermediate state in Gd 3+ and the physical origin for small slopes is the existence of nonradiative decay in the high-energy levels involved in the electronic transitions, as demonstrated in the following.
In Fig. S6(a) , we use a simple three-level model to explain why the slope extracted from the P ex dependence of luminescence intensity becomes much smaller than 2.0 in the presence of nonradiative decay. Supposing that the transition from the level E 1 to the level E 2 is induced by TPA, let's see what will happen when the transition of electrons from the level E 2 to the level E 3 occurs either radiatively or nonradiatively, similar to the transitions from the level 6 G J to the levels 6 I J and 6 P J in Gd 3+ . While the radiative transition is completed by the emission of photons, the nonradiative transition is accompanied by the emission of phonons. Actually, the photon cascade emission induced by single-photon absorption was observed previously in a fluoride glass doped with Gd 3+ [5] . The luminescence intensities resulting from the transitions from the level 6 G J to the levels 6 I J and 6 P J were found to be much weaker than that resulting from the transition from the level 6 P J to the level 6 S 7/2 . It was ascribed to the existence of nonradiative decay in the transitions from the level 6 G J to the levels 6 I J and 6 P J . In general, the nonradiative transition is mediated by multiphonon process whose rate is proportional to (1+<n> P ), where <n> is the phonon density which increases exponentially with the temperature of the glass matrix. The higher the temperature is, the larger the multiphonon relaxation rate is [6] . Therefore, it is expected that the nonradiative decay rate increases 
3+ that may involved in the two-photoninduced photon cascade emission and the corresponding emission wavelengths. Most of them can be identified in the emission spectra with λex = 400 and 405 nm (see Fig. 6 ).
rapidly with increasing P ex . As indicated in Fig. S6(a) , the population density of the level E 2 can be expressed as N 2 ∝ P 2 N 1 , where P is the excitation power and N 1 is the population density of the level E 1 . Basically, we can divide N 2 into the radiative part N r 2 and the nonradiative part N nr 2 , i.e., N 2 = N r 2 + N nr 2 . The increase of the nonradiative decay rate or equivalently the decrease of the radiative decay rate with increasing P ex can be expressed as N r 2 /N 2 ∝ P −x (x > 0), as shown in Fig. S6(b) . Hence, the excitation power dependence of the luminescence intensity originating from the radiative transition from the level E 2 to the level E 3 can be written as N
. If we plot the luminescence intensity as a function of the P ex in a logarithmic coordinate, a slope of 2-x is observed, as schematically shown in Fig. S6(c) . If x > 1, then a slope smaller than 1.0 is obtained. Therefore, the existence of P ex -dependent nonradiative decay rate for the energy levels with energy separation comparable to the energy of phonons will lead to slopes much smaller than 2.0 in the two-photoninduced cascade emission. For the energy levels whose decays are governed by radiative one, such as the level 5 D 4 in T b 3+ , slopes close to 2.0 are observed for the emission bands related to the level 5 D 4 , as shown in Fig.  4 , Fig. S1 and Fig. S3 .
Emissions between energy levels of Gd
3+ and T b 3+ revealed in the two-photon-induced cascade emission When the level 6 G J in Gd 3+ is effectively populated by resonant two-photon-induced absorption, the large number of electrons accumulated in the level 6 G J makes the radiative transitions from the level 6 G J to the levels 6 I J and 6 P J possible, leading to the emission of the first photons (see Fig. 1 ). After the energy transfer of electrons from Gd 3+ to T b 3+ , the radiative transitions from the upper levels of T b 3+ to the levels 5 D 3 and 5 D 4 give rise to the second photons. During the photon cascade emission process, many emission bands which are invisible in the conventional excitation scheme become revealed in the emission spectrum, as shown in Fig. 6 . In Table I , we summarize the electronic transitions related to the new emission bands originating from the two-photon-induced cascade emission [7, 8] .
Energy transfer from Gd
3+ to T b
3+
When the levels 6 G J of Gd 3+ are excited, the generated electrons will relax to the low-energy levels of 6 D J , 6 I J , and 6 P J either radiatively or nonradiatively. Once the electrons populate the levels 6 D J , 6 I J , and 6 P J , an energy transfer (ET) from Gd 3+ to T b 3+ may occur via phonon-assisted dipole-dipole transition. Since the lifetimes of the electrons on the levels 6 D J and 6 I J are much shorter than that on the levels 6 P J , the ET is mainly completed through the levels 6 P J and it has been reported in many literatures (see Refs. 46-50 in the main text). In the previous works, Gd 3+ was generally excited to the levels 6 I J or 6 P J by using single photon excitation at a wavelength of 275 or 312 nm. In our case, Gd 3+ was excited to the levels 6 G J by using a femtosecond (fs) laser at 400 nm through TPA, generating a large number of electrons on the levels 6 G J . Since there exist some energy levels in T b 3+ whose energies are close to those of the levels 6 D J and 6 I J (see Table II for the details), it is possible that some electrons may have chance to transfer from Gd 3+ to T b 3+ through the levels 6 D J or 6 I J and relax to the level
, giving rise to the second photon emission, as schematically shown in Fig. 1 .
As can be seen Fig. 6 , some new emission peaks emerge in the spectra obtained by resonantly exciting the levels 6 G J with fs laser pulses at 400 or 405 nm, such as the peaks located at 496, 564, 601, and 694 
FIG. S7.
Comparison of the emission spectra of the glass (56SiO2-10Al2O3-12Li2O-20Gd2O3-2T b2O3 (mol%)) obtained by using λex of 200, 253, 275, and 312 nm.
nm. These peaks are not observed when the levels 6 G J are not efficiently populated by using an λ ex at 390 nm. We think this is one of the evidences for the ET from Gd 3+ to T b 3+ through the levels 6 D J . Another evidence for such ET is reflected in the emission spectra of the glass under single photon excitation with different λ ex , as shown in Fig. S7 . We excited the glass with λ ex of 200, 253, 275, and 312 nm which are resonant with the levels 6 G J , 6 D J , 6 I J and 6 P J respectively and monitored the emission from the 6 P J to 8 S 7/2 transition in Gd 3+ , which appears at 312 nm. The emission at 312 nm was not observed when we excited the glass at 200 nm, implying that most of electrons have been transferred to T b 3+ during the relaxation process. In contrast, we could observe the emission at 312 nm when exciting the glass at 253 nm and the emission intensity became much stronger when an λ ex of 275 nm was used. This behavior indicates that some electrons recombine radiatively in Gd 3+ and the efficiency of ET becomes smaller when exciting the glass at low-energy levels.
Relationship between the concentration of Gd
3+ /T b 3+ and the ET efficiency Basically, the ET from Gd 3+ to T b 3+ is realized by two processes, including the energy migration between Gd
3+
ions to a Gd 3+ ion adjacent to a T b 3+ ion and then the ET from the Gd 3+ ion to the T b 3+ ion [9] . Therefore, the ET efficiency depends strongly on the concentration of both Gd 3+ and T b 3+ ions because it is proportional to the inverse sixth power of the distance between the two types of ions.
Previous studies showed that the emission intensity from Gd 3+ at 312 nm decreased with increasing the concentration of Gd 3+ when the concentration of T b 3+ was fixed, implying an increase in the ET efficiency with increasing the concentration of Gd and T b 3+ in the three glass samples used in our experiments. The ratio of the emission intensity at 544 nm to that at 312 nm in the emission spectra obtained by using λex = 275 nm was also provided. The compositions (mol%) of the samples I, II and III are 56SiO2-10Al2O3-12Li2O-20Gd2O3-2T b2O3, 65SiO2-13BaO-5K2O-5N a2O-1Al2O3-5Li2O-5Gd2O3-1T b2O3, and 42.5CaO-15Al2O3-39B2O3-3Gd2O3-0.5T b2O3, respectively. was characterized by the ratio of Gd 3+ or T b 3+ to the total host cations. While the properties of the sample I was described in detail in the main text, the measurement results of the samples II and III were provided in the Supplementary Information. In Table III , we provided the ratio of the emission intensity at 544 nm (emission from T b 3+ ) to that at 312 nm (emission from Gd 3+ ) under the single photon excitation at 275 nm, which characterizes the ET efficiency from Gd 3+ to T b 3+ . It can be seen that the ET efficiency decreased rapidly when the concentration of Gd 3+ was reduced from 27.8% to 3.81%. In Fig.  S8 , we compare the excitation spectra measured for the three glass samples which have been normalized at the monitoring wavelength of 544 nm. It can be clearly seen that the excitation efficiencies for the levels 6 D J and 6 I J in Gd 3+ dropped with decreasing the concentration of Gd 3+ . We also compare the normalized emission spectra of the three glass samples obtained by using λ ex = 275 nm, as shown in Fig. S9 . For the sample I, the emission at 544 nm which corresponds to the
3+ was about 23 times stronger than that at 312 nm which originates from the 6 P 7/2 → 8 S 7/2 transition in Gd 3+ . It implies that most of the energy absorbed by the levels 6 I J in Gd 3+ has been transferred to T b 3+ in the sample I with a large concentration of Gd 3+ . In sharp contrast, the ratio of the emission intensity at 544 nm to that at 312 nm was reduced to 1.1 and 0.4 in the samples II and III with smaller concentrations of Gd 3+ , respectively. It means that the ET efficiency was reduced by decreasing the concentration of Gd 3+ , increasing significantly the emission from Gd 3+ . Moreover, we compared the tunable range of the luminescence color by varying the λ ex and P ex for several glass samples with different concentrations of Gd 3+ . It was found that the best performance was achieved in the sample I with the largest concentration of Gd 3+ .
Comparison of two-photon-induced and single-photon-induced luminescence
Apart from the potential application in laser-induced color display, the two-photon-induced photon cascade emission proposed and demonstrated in this work enables the observation of some electronic transitions which are not visible in the conventional single-photon excitation, as indicated in Fig. 6 and summarized in Table I . We have examined the single-photon-induced luminescence of the silicate glass (56SiO 2 
) and compared it with the two-photoninduced luminescence, as shown in Fig. S7 . The singlephoton-induced luminescence spectra were measured by using a spectrometer (F-4600, Hitachi) at different λ ex ranging from 200 to 204 nm and no obvious difference was found in the spectra. The spectral shape is quit similar to that of the glass (45CaO-15Al
Comparison of the luminescence spectra obtained by single-photon excitation and two-photon excitation for the silicate glass (56SiO2-10Al2O3-12Li2O-20Gd2O3-2T b2O3 (mol%)).
(mol%)) doped only with T b 3+ , as shown in Fig. S3 . The new emissions originating from the two-photon-induced photon cascade emission are not observed. The physical origins responsible for this difference are twofold. First, there are many energy states in rare-earth ions which are inactive for single-photon excitation but active for twophoton excitation because of the conservation of party during the electric transitions. Such energy states may play a crucial role in the photon cascade emission followed by two-photon excitation. Second, the density of electrons generated by two-photon absorption induced by femtosecond laser with a high peak power is much larger than that generated by single-photon excitation. As a result, the number of electrons that recombine radiatively is increased. However, more experiments are needed to confirm these suspects.
Calculation of CIE chromaticity coordinate
Based on the theory of colorimetry, the color of a material can be represented by tristimulus values (X, Y , and Z) and the relationship between the tristimulus values and the chromaticity coordinates (x, y, and z) is described as follows [10] : Here, S(λ) is the relative power of the illumination at wavelength λ, x(λ), y(λ), z(λ)are the color matching functions for the CIE 1931 2
• Standard Observer, β(λ) is the spectral reflectivity of the sample at wavelength λ.
Based on the above equation and emission spectra of the glass under different λ ex and P ex , we could easily derive the evolution of the CIE chromaticity coordinate (x, y, and z) when λ ex or P ex was varied (see Figs. 5, S2 and S4).
